The preferred conformations of dimethyl sulfate and their vibrational spectra were studied by matrix-isolation FT-IR spectroscopy and theoretical methods (DFT and MP2, with basis sets of different sizes, including the quadruple-zeta, aug-cc-pVQZ basis). Conformer GG (of C 2 symmetry and exhibiting O S O C dihedral angles of 74.3
Introduction
Dimethyl sulfate (DMSO 4 ) is an industrial chemical that is used as alkylating agent to convert compounds such as phenols, amines and thiols to the corresponding methyl derivatives, used in the industrial production of dyes, perfumes and polyrethane-based adhesives [1, 2] . It is also used as intermediate in the manufacture of many pharmaceuticals (e.g., antipyretics and anticholinergics), pesticides and as solvent in the separation of mineral oils [3, 4] . DMSO 4 has been shown to produce tumors in laboratory animals [5, 6] and is also considered to be a human carcinogen [7] . Being extremely toxic, methods like gas chromatography and optical spectrometry have been applied for its determination in the environment [8, 9] . However, in spite of the well known chemical and biochemical importance of DMSO 4 , the available knowledge on its structural and vibrational properties is very scarce. To the best of our knowledge, no theoretical structural studies have been reported on this compound, while the most recent infrared/Raman spectroscopic study on DMSO 4 was published more than 30 years ago [9] .
One of the main difficulties to study this compound (and in general the family of compounds with sulfur-to-oxygen linkages) by theoretical methods has been the relatively large computational resources required to undertake reliable predictions of their fundamental properties. On the other hand, the peculiarities of the sulfur-to-oxygen linkages are far from being well understood, and the most currently used methods of calculation have not yet been tested sufficiently when applied to this kind of systems. For example, it is well known that theoretical predictions of vibrational spectra of molecules with more usual linkages (e.g., CH, CO, CN, NO, NH, OH, etc.) by ab initio or density functional theory (DFT) based methods usually lead to a general systematic overestimation of the vibrational frequencies, thus enabling the uniform scaling procedure to be applied successfully in order to fit the calculated spectra to the experimental data. However, it was found that this is not the case for molecules with SO bonds, where the theory often yields frequencies that underestimate the experimentally observed ones. This behavior has been found even for molecules as simple as SSO [10] . Besides, it is also well known that the accumulated knowledge on the molecular structures, conformational and spectroscopic properties, and chemical reactivity in general, of sulfur compounds is still incipient when compared, for instance, with that of their oxygen analogue compounds.
The second important difficulty for studying sulfur (or mixed sulfur/oxygen) compounds is of practical nature: the compounds usually are relatively difficult to crystallize, decompose easily both upon heating and/or light exposition and, in many cases, as in DMSO 4 , which was used in the First World War as war-gas [11] , are highly toxic to human beings [12, 13] . Then, besides its more fundamental interest, characterization of DMSO 4 regarding its structural and spectroscopic properties is also important to improve the efficiency of its industrial manipulation and environmental control.
In this work, DMSO 4 was studied by low temperature matrix-isolation FT-IR spectroscopy and computational methods [both density functional theory (DFT) and ab initio second-order Moller-Plesset (MP2) methods], in order to investigate its conformational preferences and spectroscopically characterize its conformationally dependent vibrational properties.
Materials and methods

Infrared spectroscopy
Dimethyl sulfate was obtained from Aldrich (purity 99%). The IR spectra were collected, with 0.5 cm −1 spectral resolution, on a Mattson (Infinity 60AR Series) Fourier transform infrared spectrometer, equipped with a deuterated triglycine sulfate (DTGS) detector and Ge/KBr beamsplitter.
In the matrix-isolation experiments, a glass vacuum system and standard manometric procedures were used to deposit the matrix gas (argon N60, obtained from Air Liquide). Matrices were prepared by co-deposition, onto the cooled CsI substrate of the cryostat, of the matrix gas and DMSO 4 , which was sublimated using a specially designed doubly thermostattable Knudsen cell with shut-off possibility [14] . The container of the Knudsen cell was kept at 0 • C to reduce the vapor pressure of the compound over the solid and enable a better control of the amount of DMSO 4 being deposited. Temperatures of the nozzle varied from room temperature to 200 • C. All experiments were done on the basis of an APD Cryogenics close-cycle helium refrigeration system with a DE-202A expander. Deposition temperatures used range from 9 to 20 K. Necessary modifications of the sample compartment of the spectrometer were made in order to accommodate the cryostat head and allow efficient purging of the instrument by a stream of dry N 2 to remove water and CO 2 vapors. After depositing the compound, annealing experiments were performed until a temperature of 42 K.
Computational methodology
The quantum chemical calculations were performed with Gaussian '98 [15] at the DFT and MP2 levels of theory, using the 6-311++G(d,p), 6-31++G(d,p) and aug-cc-pVQZ basis sets [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The DFT calculations were carried out with the three-parameter density functional abbreviated as B3LYP, which includes Becke's gradient exchange correction [26] and the Lee, Yang and Parr correlation functional [27] .
Conformations were optimized using the geometry direct inversion of the invariant subspace (GDIIS) method [28] . Vibrational frequencies were calculated at each level of theory and the nature of the stationary points on the potential energy surface (PES) resulting from optimization was determined by inspection of the corresponding calculated Hessian matrix. The optimized structures of all conformers described in this study were confirmed to correspond to true minimum energy conformations on the different potential energy surfaces investigated. Potential energy profiles for internal rotation were calculated performing a relaxed scan on the PES along the relevant reaction coordinates, and the transition state structures for conformational interconversion obtained using the synchronous transit-guided quasi-Newton (STQN) method [29] .
Normal coordinate analyses were undertaken in the internal coordinates space as described by Schachtschneider [30] , using the program BALGA and the optimized geometries and harmonic force constants resulting from the B3LYP/aug-ccpVQZ calculations.
Results and discussion
Geometries and energies
DMSO 4 has four different internal rotation axes, defined around the S O and O C bonds, that can, in principle, give rise to conformational isomers. In order to search for minimum energy conformations, a systematic investigation of the potential energy surface of the molecule was undertaken using the B3LYP/6-311++G(d,p) method. All non-equivalentby-symmetry possible combinations of the four dihedral angles corresponding to staggered structures were used as initial geometries in the optimization procedures, as well as those where at least one O S O C dihedral was ±120 • . This corresponds to a subset of 50 unique structures from the whole set of 144 possible conformations defined by the selected dihedrals. In spite of the large number of trial structures, the calculations yield only three different energy minima, corresponding to two conformers with C 2 symmetry and one form belonging to the C 1 point group (see Fig. 1 , where the naming adopted to designate each form is given). After reoptimization of these three structures at the B3LYP/aug-cc-pVQZ level of theory their characteristic C O S O dihedral angles were found to be equal to (74. where one of the CH bonds is anti-periplanar relatively to the S O bond (the barrier for rotation of the methyl groups around the C O bond was calculated as ca. 5 kJ mol −1 ). Table 1 presents the calculated relative energies of the three conformers at the different levels of calculation used in this study, as well as their populations at room temperature (298 K) and at other temperatures relevant in the context of this investigation (393, 423 and 463 K), estimated using the B3LYP/aug-cc-pVQZ relative energies and the Boltzman distribution. The optimized geometries are provided as Electronic Supplementary Material (ESI), Table S01 .
The most stable conformer of DMSO 4 is form GG, which is similar to the most stable conformation of sulfuric acid [31] . The relative stability of the three conformers can be easily correlated with the number of repulsive interactions between the non-bonding pairs of electrons of the methoxylic oxygen atoms: in the most stable form (conformer GG) there are no such interactions, while the second most stable form (GT) and less stable form (TT) exhibit one and two oxygen lone-electron pair repulsive interactions, respectively. It is worth noting that the relative energy of the TT conformer is predicted at all levels of theory to be considerably larger than twice the relative energy of the GT form (at the B3LYP/augcc-pVQ level of theory, it is about three times greater; see Table 1 ), as expected taking into account that in GT the C O S O dihedrals can significantly deviate from the sterically more relevant values (60 • , 180 • ) to minimize the repulsive interactions. Indeed, as mentioned above, in GT these dihedral angles were found to be (73.5 • , −173.0 • ). In TT, there is no such conformational flexibility, though a slightly distortion from planarity of the heavy-atom backbone was also predicted by the calculations, leading to the observed dihedral angles of (177.1 • , 177.1 • ) and to definition of the symmetry of the conformer as C 2 , instead of C 2v as for the planar configuration.
Another geometrical parameter that was found to reflect the importance of the repulsive interactions between the methoxyl oxygen lone electron pairs is the distance between the two methoxy oxygen atoms. This distance increases along the series TT, GT, GG (236.6, 242.2 and 251.7 pm, respectively), clearly indicating that once there is space available the two oxygen atoms tend to move away from each other. In conformers GT and TT, the position of one or of the two methyl groups near the S=O bonds, respectively, hinders the opening of the O S O angle and does not allow the accompanying energy release (this effect is, naturally, larger in TT, since in this case no space for opening of the O S O angle is available in both sides of the molecule). In general, the predictions made at the three levels of theory used are qualitatively identical. However, contrarily to the remaining methods, the B3LYP/aug-cc-pVQZ calculations predict the two geometry of the heavy atom skeleton of the third conformer close to planarity (C O S O dihedrals angles equal to 177.1 • , versus ca. 150-160 • with B3LYP/6-311++G ** and MP2/6-311++G ** ; see Table S01 ). The potential energy profiles leading to interconversion between the different conformers are shown in Fig. 2 . The curves were obtained at the B3LYP/6-311++G ** level, since their computation at the B3LYP/aug-cc-pVQZ would require a non-affordable amount of computer time, while the main characteristics of the profiles calculated with the two basis should not differ substantially. As shown Fig. 2a , the highest energy conformer is surrounded by very low energy barriers: the B3LYP/6-311++G ** barrier separating this conformer from its equivalent by symmetry form (corresponding to the planar C 2v transition state with C O S O dihedral angles of 180 • ) is 0.68 kJ mol −1 , while that leading to conversion to conformer GT is as low as 0.22 kJ mol −1 . At the B3LYP/aug-cc-pVQZ level, the first energy barrier shall be lower and the last slightly higher than as calculated with the 6-311++G ** basis set, but both barriers are not expected to be much different from those presented in Fig. 2 . Depending on the basis set used for calculation, the zero-point energies associated with the torsional modes corresponding to the reaction coordinates converting the highest energy conformer into its equivalent by symmetry form (τ(S O) s) or conformer GT (τ(S O) as) were predicted to be 0.08-0.33 and 0.23-0.31 kJ mol −1 , respectively (see also  Table S05 ; ESI). Hence, in both cases the zero-point energy is of the same order of magnitude of the energy barrier, in particular in the case of the channel leading to conversion of TT into GT, and the physical relevance of conformer TT is questionable. Indeed, this form should be better described as a higher vibrationaly excited torsional state of conformer GT. Fig. 2b presents the potential energy profile for GT ↔ GG interconversion. The profile is strongly asymmetric, with barriers associated with the two paths for conversion of form GT into GG equal to 31.9 and 3.29 kJ mol −1 . The first is the longest reaction pathway, implying a rotation of ca. 280 • around the C O S O axis, and corresponds to the rotation of the C O S O axis initially in the trans configuration in the direction which leads the two methyl groups to pass through the considerably strained face-to-face position. The second reaction path corresponds to the shortest rotation in the opposite direction and is practically unstrained, which justifies the low energy barrier. In the context of the present study, the low energy pathway for the GT → GG conversion is particularly relevant. The predicted energy barrier for this conversion is large enough to allow initial trapping of the two conformers (GT and GG) in the low temperature inert matrices, but it is also small enough to be overcome by annealing of the matrices and enable conformational isomerization to take place.
In summary, the theoretical predictions reveal that both GG and GT forms can be expected to be observed in the as-deposited matrices, the GT conformer being convertible into the most stable GG form by annealing of the matrices to higher temperatures. The TT conformer is predicted not to be of any practical relevance, being better described as a highly excited state of the GT form. Assuming that GG is a doubly degenerated form and that the degree of conformational degenerescence of GT is 4, at room temperature (298 K) the predicted populations for the two conformers, taking into account the B3LYP/aug-cc-pVQZ calculated energies, are 68% for GG and 32% for GT; at 463 K (the highest temperature used for deposition of the matrices) these populations are 57% and 43%, respectively. Then, both forms are predicted to be present in the initially deposited matrices and the increase of the relative population of conformer GT with the temperature of deposition appears to be large enough to be observable experimentally. As described in detail in the Table S02 for definition of symmetry coordinates. a Frequencies in bold correspond to bands due to the conformer embedded in its most stable sites in the matrix (see text). Additional experimental bands due to overtones and combination tones involving the δCH 3 next section, the experimental observations fully confirm the theoretical predictions presented above.
Vibrational spectra
Dimethyl sulfate has 33 fundamental vibrations. For both GG (C 2 ) and GT (C 1 ) conformers, all fundamental vibrations are active in the infrared. Table S02 (ESI) displays the definition of symmetry coordinates used in the normal coordinates analysis undertaken in this study. The B3LYP/aug-cc-pVQZ calculated spectra for all the conformers of DMSO 4 (including the TT form) and potential energy distributions (PEDs) are given in Tables S03-S05 (ESI). Vibrational assignments for the spectra of the compound isolated in argon matrices are displayed in Table 2 . Fig. 3 shows the spectrum of DMSO 4 freshly deposited in an argon matrix at 9 K, using the temperature of sublimation of 298 K. The calculated spectra for conformers GG and GT are also displayed for comparison, fitting nicely the experimental data. As pointed out above, in the gaseous phase, at 298 K, conformer GG is the most populated form (its estimated population is nearly twice that of GT) and, as expected, the bands due to this species dominate the spectra of the matrix-isolated compound.
The single previously reported study of the vibrational spectra (both infrared and Raman) of DMSO 4 in the liquid phase [9] assumed, on the basis of the measured depolarization ratios of the observed Raman bands, a C 2v geometry for the molecule, corresponding to the planar TT form. As shown in the previous section, the TT conformer (which in- Fig. 3 . Infrared spectra of DMSO 4 : (a) isolated in an argon matrix (T = 9 K); (b) B3LYP/aug-cc-pVQZ calculated spectra for GG and GT conformers (weighted by the B3LYP/aug-cc-pVQZ estimated populations at 298 K (see Table 1 ). Table 1 )].
deed is now predicted to have a slightly non-planar skeleton, thus belonging to the C 2 point group) does not correspond to an observable species. Its stabilization in the liquid phase is not expected as well, since its dipole moment is smaller than those of the GG and GT conformers. Besides, in the previous study of DMSO 4 [9] , the possible existence of more than one conformational state was ignored. Hence, reinterpretation of the spectra of liquid DMSO 4 , on the light of the present study shall deserve further attention.
The general assignment of the spectra could be easily undertaken by comparing the calculated and experimental results obtained in the present study, as well as the previous data obtained for the pure liquid [9] . However, the precise identification of the bands due to each conformer required, besides that information, both the comparison of spectra obtained using different nozzle temperatures (Fig. 4) and interpretation of the matrix annealing experiments (Fig. 5) . In the first type of experiments, increasing of the nozzle temperature leads to increase the population of the less stable GT conformer in the gas phase, immediately prior to deposition. Accordingly, bands due to this conformer increase relatively to those originated in the most stable GG form. Fig. 4 shows the 1050 and 700 cm −1 spectral region of the spectra obtained immediately after deposition of the matrices using the nozzle temperatures of 298 and 463 K, and compares the experimental spectra with the theoretical predictions (B3LYP/aug-cc-pVQZ calculated spectra for GG and GT forms, weighted by their estimated relative populations at 298 K). Note that besides the relative increase of intensity of the bands due to GT, the spectrum of the sample deposited using the higher nozzle temperature does also exhibit some evidence of presence of a small amount of aggregates in the matrix (e.g., shoulders appearing in the high frequency wings of the bands in the 850-750 cm −1 region as well as in the low frequency wings of the bands in the 1050-950 cm −1 region), which are a consequence of local heating due to the arrival of the hot gaseous beam. Using the calculated relative intensities as weighting factors, the relative energy of the two experimentally observed conformers could be estimated from the integral intensities of bands ascribed to the individual conformers. The averaged value, estimated using the experimental data obtained for the four nozzle temperatures used (298, 393, 423 and 463 K), was 5 ± 1 kJ mol −1 , is in good agreement with the relative energies predicted by the highest level calculations (B3LYP/aug-cc-pVQZ: 3.71 kJ mol −1 ; MP2/6-31++G(d,p): 5.41 kJ mol −1 ; see Table 1 ).
Also in consonance with the theoretical predictions, upon annealing of the matrix, bands due to GT decrease their intensity while those ascribed to GG increase, indicating conversion from the higher energy conformer to the most stable form (see Fig. 5 ).Very interestingly, the GG form was found to occupy two distinct substitutional matrix sites, one of them being considerably more stable than the other. Indeed, at 41 K, the spectrum is dominated by bands due to aggregates, the only bands due to monomeric forms still remaining observable being those originated in form GG in the most stable site (Fig. 6) . At 25 K, most of the GT conformer was already converted into GG, and the results show that GT gives rise to GG in its most stable site, whereas at this temperature the intensity of the bands due to molecules of GG occupying its less stable site were found to decrease very slightly relatively to that observed in the as-deposited matrix. The small reduction of intensity observed in the bands due to GG in the less stable site indicates that site relaxation is also occurring in a small extension. Above 25 K, the bands ascribed to the less stable GG site decrease faster, while those assigned to the most stable GG site also start to decrease, in consequence of aggregation. The greater facility of the less stable GG site molecules to aggregate as compared with those occupying the most stable site is clearly revealed by the experimental data (see Fig. 6 ), and is also consistent with the relative stability of the two local environments.
In summary, the matrix-isolation experiments fully confirm the theoretical predictions regarding the type and relative stability of the two observable conformers of DMSO 4 . Conformer GG is the most stable conformer in both the gaseous phase and isolated in argon, occupying to different substitutional sites in the matrix with different stabilities. Upon annealing of the matrix, the less stable conformer (GT) quickly converts to the GG conformer, with the resulting species being embedded in a site which corresponds to the most stable matrix-site for GG form. Further annealing leads to extensive aggregation; however, even at 41 K, where the aggregates strongly dominate, some amount of GG monomer occupying its most stable site can still be observed experimentally. Also in agreement with the theoretical predictions, the highest energy TT conformer was not observed in the spectra of the matrix-isolated compound.
Conclusion
The preferred conformations of dimethyl sulfate and their vibrational spectra were investigated by a concerted approach based on the matrix-isolation method coupled with FT-IR spectroscopy and theoretical methods. Conformer GG was found to be the most stable conformer of the compound in both the gaseous phase and isolated in argon. In the matrices, this form was shown to exist in two different matrix cages, with different stabilities. Upon annealing of the matrix, conformer GT quickly converts to the GG conformer, the resulting species being embedded in its most stable possible matrix cage. The vibrational spectra of the two observed conformers were fully assigned on the basis of temperature variation studies (both annealing and variation of the nozzle temperature experiments were undertaken) and theoretical predictions of their infrared spectra. The highest energy TT conformer, which was assumed previously to be the most stable conformer [9] , is predicted by the calculations to have a relative energy of ca. 10 kJ mol −1 and was not observed in the spectra of the matrix-isolated compound.
